UNCLASSIFIED

AD NUMBER

ADO16429

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
only; Test and Eval uation; 08 AUG 1973. O her

requests shall be referred to Defense Nucl ear
Agency, Washi ngt on, DC 20305.

AUTHORITY
DNA [tr, 30 Aug 1974

THISPAGE ISUNCLASSIFIED




AD916429

A

q ﬁ‘) &/ ﬁ?\} DNA 3180F

'hnr"

CONSTITUTIVE MODELS AND CGMPUTER TECHNIQUES
FOR GROUND MOTION PREDICTIONS

D. Riney

A. Frazier
K. Garg

J. Good
G. Herrmann
W. Morland
W. Pritchett
H. Rice

J. Sweet

T
G.
S.
A.
R.
L.
J.

M.

Systems, Science and Software
P. 0. Box 1620
La Jolla, California 92037

30 March 1973

Finel Report

Contract No. DASA 01-69-C-0159 (POOOAT

-
Distribution limited to U. S. Government agencies only; test and evaluation; 8 August 1973.

Other requests for this document must be referred to Director, Defense Nuclear Agency, Wash-
ington, D. C. 20305

This work was supported by the Defense Nuclear
Agency under Subtask ZL438-01.

DOC FiLE COPY

Prepared for

Defense Advanced Research Projects Agency

Director l
Arlington, Virginia 22209

T TR .



T '
NI .

Yhita Section o f‘
’,,..-r"

0Ee Buti Sec
! ]
UNAKND 02y {g: }
YSTIFICA i '

L RVAIL and,or SPECIAL

| e

Destroy this report when it is 1o longer needed.
Do not return to sender.




SECURITY CLASSIFICATION OF ThniS PAGE /When Data Entered)

79 REPORT DOCUMENTATION PAGE m%%"c‘é‘ﬁlf‘é%‘d‘c’"p"om

[2. GOVY ACCESSION NO.] 3. RECIPIENT'S CATALOG NUMBER %

T .. — . it i i i

| : 1
i
8

TITLE (and Subtitle) =] COVEREP
i? e lfinal Kepamt s
2/CONSTITUTIVE MODELS AND COMPUTER =
FECHNIQUES FOR GROUND MOTION PREDICTIONS.§f& . AT
= % 7 Lt SS-R-7 o & ;
. 9. CONTRACT OR-GRANT NUMBER(s
{AT. D./Riney, G. A./Frazier, S. K. fGarg, ct No
A. J./Good. R. G./Herrmannf~L.~W. d[FDASA D1-69-C-f1

. W. Pritchett, M, H, Rice, J. Sweet
9. PERFORMING ORGANIZATION NAME AND ADDRESS
Systems, Science and Software

10. PROGRAM ELEMENT. PROJECT
ARPA Order Ma=—1438)

Task No. 438

P. 0. Box 1620
La Jolla, California 92037 Weit Toit Beuad
¥1. CONTROLLING OFFICE NAME AND ADDRESS 1 .
Director, Defense Advanced Research 39 Mar@ W73 / -
Projects Agency, 1400 Wilson Boulevard, 13. NUMBE i
Arlington, Virginia 22209 357 m_
78 MCNITORING AGENCY NAME & ADDRESS(if ditlerent from Controlling Olfice) 15. SECUR X rt)

Unclassified

1Sa. DECLASSIFICATION. DOWNGRADING
SCHEDULE 5

16. DISTRIBUTION STATEMENT (of this Report)

- Distribution limited to U. S. Government agencies only;>test and
evaluation; 8 August 1973. Other requests for this document must
be referred to Director, Defense Nuclear Agency, Washington,

D. C. 20305. .

18. SUPPLEMENTARY NOTES

This work was supported by the Defense Nuclear Agency under
Subtask ZL438-01.

/

19. KEY WORDS (Cantinue on reverse side if necessary and ident!fy by block number)

Groynd Motion Calculations, Rock and Soil Models, Composite
Mat¢rials, Mine Dust HE Test, Waste Injection Wells, Stress Waves
in [eologic Media, Equations of State, Jointed Rock Masses.

20 a@B ACT Comtinue on reverse side il necessary and identily by block number)

The general subroutine (TAMEOS) for generating thermodynamic
equations of state for rock-water-void mixes has been used in the
1D SKIPPER code to predict the spherically symmetric ground
motion for the Mine Dust HE test in partially saturated tuff.

The pre-test calculations are in good agreement with the measured
in situ stress and velocity time histories. Planar TAMEOS/SKIPPER
parameter calculations are presented which demonstrate the need
for explicit treatment of water vaporization in evaluating near

DD , 25", 1473  E£oiTion OF | NOV 58 15 OBSOLETE UNCLASSIFIED Ni‘«*‘f_‘,&‘

SECURITY CLASSIFICATION OF THIS PAGE (When Data Enln‘fdh




& UNCLASSIFIED

CURITY CLASSIFICATION OF THIS PAGE(When Deta Entered)

surface ground motion effects. An equation of state for granitc
is develoged which includes the coesite-stishovite phase change.
Planar and spherical SKIPPER parameter calculations demonstrate
that the two-phase equation of state should be used when stresses
greater than 70 kbar are involved. The cap model and the Mohr-
Coulomb model with kinematic work hardening are generalized to

two space dimensions and incorporated into the 2D CRAM code for
treating rocks with high shear strength. A continuum model for a
regularly jointed rock mass is formulated in terms of the block
spacing and the frictional forces on the planes of weakness.|
Although the blocks are considered elastic, block slippage an
interlock produces a formulation analogous to an elastic-plast\c
model. An impiuved version of the 1D POROUS code has been dev@loped
to treat ground motion problems within the framework of the Thegry
of Interacting Continua (TINC). Comparison calculations using the
spherical POROUS and SKIPPER codes arc presented. The 2D FRI
finite element code for solving the linearized TINC equations is
applied to study the rock-fluid mechanical interactions in the
vicinity of a fluid injection well.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE’When Data Fntered)




FOREWORD

This formal technical report entitled "Constitutive
Models and Computer Techniques for Ground Motion Predictions,"
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Advanced Research Projects Agency {ARPA) and to the Defense
Nuclear Agency (DNA). The report presents the results of
the fourth phase of an effort to develop reliable material
models and computer techniques for predicting the motion of
inhomogencous and porous geologic media. This work, in
support of the PRIME ARGUS and MILITARY GEOPHYSICS programs,
was accomplished under Contract No. DASA 01-69-C-0159(P00004),
which was funded by ARPA and monitored by DNA. Dr. Stanley
Ruby was the ARPA Program Manager and Mr. Clifton B. McFarland

< was the DNA Project Scientist.
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I. INTRODUCTION AND SUMMARY

A deterministic model to predict the radiated signa-
ture from a buried nuclear explosion is concerned with the
characterization of the stress wave propagated from the
vicinity of the source to remote locations. The stress
level in the earth may be many megabars near the source, but
at distant detection stations the signal has attenuated to
a value which is small compared to the elastic strength of
earth media. Adequate geologic material response models and
associated computer techniques are required to treat the
complex nonlinear physical processes that occur near the
source and to carry the calculations out to the point where
the medium responds in a linear manner. It is then possibtle
to obtain an equivalent elastic source furction which propa-
gates a signal into the far field elastic region tuhat is
the same as that produced by the real explosive source.

This equivalent explosive source function can be used as
input data in seismic code calculations which propagate the
signal to teleseismic distances through an appropriate

elastic earth structure,.

The results to be presented in this report are focused
on the development and verification of realistic material
models and associated computer techniques for treating the
nonlinear region near the explosion. The work is a continua-
tion of that performed in earlier phases of this contract,
described in 3SR-267, (1] 35R-648(2) ana 3sr-1072. 031 By
constructing material models of increasing sophistication it
has been possible to include such complex nonlinear physical
processes as irreversible compaction, heterogeneity, pore
water pressure and diffusion, yield and fracture phenomena,
dilatancy, water and rock interactions, material phase changes,
and dependence of strength parameters on the stress history

and thermodynamic state.
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In a companion program at S*® the improved ground
motion methods developed under this contract are used in a
systematic analysis of the nonlinear processes near the
source which affect the signature radiation to teleseismic
distances.[4] To accomplish this, the nonlinear shock code
techniques for determining the equivalent explosive source
function were merged with seismic code calculations of the

stress wave propagation through an appropriate clastic earth
structure to remote sites.

A typical geologic medium consists of a rock or soil
matrix containing cracks or pores that may be partially filled
with water. Even if the matrix material is unchanged, the
porosity and the water content will vary with depth and with
surface distance and the stress propagation characteristics
0of the medium will vary accordingly. For teleseismic calcu-
lations it is impossible to know the porosities and degrees
of saturation at inaccessible nuclear test sites. Even when
local geological conditions and the water table location
have been established by field logging tests, as would be
possible in evaluating the vulnerability of underground
structures, it is economically impractical to perform labora-
tory material properties tests on all the porosities and
degrees of saturation that occur. Consequently, it is
desirable to construct the material models in such a fashion
that the response of the medium can be predicted as these
quantities are varied.

The early modeling effort centered on Nevada Test
Site (NTS) tuffs as representative of partially saturated

1,2] A computer routine was developed

porous geologic media.[
which calculates the isotropic thermodynamic states of C
rock-water-void mixtures, including a description of irrever-

sible collapse of the air filled pores (void volume). The

routine (TAMEOS) calculates the response of the composite




in terms of the behavior of the isolated rock and water com-
ponents and may be readily used in standard ground motion
computer codes. It includes several options for the crushup
response and the partition of energy between the rock and
water components. The routine was incorporated into the
Lagrangian 1D SKIPPER code and a series of spherical calcu-
lations made for a representative tuff with varied degre«s

(3]

of water saturation of the pore space.

The recent Mine Dust HE test provided an excellent
opportunity to test the validity of TAMEOS for partially
saturated media with relatively low shear strength. This
1000-1b nitromethane shot in tuff was conducted in Area 16
at NTS. As part of this test program, other contractors
generated static test data on core samples from the site, and
fielded radial stress and velocity gages to provide a descrip-
tion of the stress wave at various radial distances from
the spherically symmetric source. Section il of this report
presents the results of pretest predictions of the ground
motion calculated using 1D SKIPPER with the TAMEOS equation
of state routine and a Mohr-Coulomb plasticity model fitted
to strength data from the core samples. The predicted time
resolved histories at the various gage locations are in very
good agreement with the corresponding measured time histories.

The Mine Dust HE results reinforce our confidence that
realistic ground motion predictions can be made at least for
relatively weak rocks such as tuff.* Parameter calculations
illustrating the effect of water vaporization at a free sur-
face are also presented in Section II. The planar mode of
SKIPPER was used to compare the stress pulses calculated

E]

A version of TAMEOS has subsequently been incorporated into
a computer code used at S? for ground motion calculations
concerned with the stemming and containmeni of underground
nuclear tests.




using the TAMEOS routine with the calculations using an
analytic form of the equation of state which does not treat
water vaporization. 1In all cases the rate of pressure decay
of a function of depth is sifnificantly less in the calcula-
tions with the TAMEOS scheme. The backward momentum of the
vaporized material is offset by an increase in the forward
momentum carried by the stress pulse. The importance of
this effect on ground motion and crater formation from near

surface nuclear burst is apparent.

Realistic¢ ground motion calculations for geologic
materials with high shear strength (e.g. granite) require
plasticity models more sophisticated than a Mohr-Coulomb
model. Generalized plasticity models that fair the complex
deviatoric strength properties of hard rocks observed in
laboratory tests with a high pressure equation of state
were presented in an earlier report.[S] Major emphasis was
placed on a generalized Mohr-Couviomb model with kinematic
work hardening and a generalized Weidlinger cap model to
treat the required rr.nge of pressure and strain. The 1D
SKIPPER code was then applied to compare the Hard Hat and
Pile Driver ground motion measurements with the calculations
using these two models. It was found that the inclusion of
the Bauschinger effect (kinematic hardening) stretched out
the pulse over a longer time at a fixed station resulting
in reasonable agreement with the field measurements. More-
over, it was necessary to greatly scale down the rock strength
from that measured on competent laboratory specimens.[S]

A major uncertainty in the model for granite used in
these earlier code calculations is the possibility of a phase
change at high pressures. Consequently, a two-phase equation
of state model for granite was developed which is based on
laboratory shock wave data and the assumption that some time
is required for mixtures of the two phases to reach equilibrium.
The model is presented in Section III along with a series of 1D

10




SKIPPER planar and spherical code calculations to investigate
the effects of the phase change. The difference between the
stress profiles and attenuation rates for the two-phase model
and a single-phase model 1is pronounced. The attenuation rate
is greater for the two-phase model and the stress profiles

are stretched out. These comparisons indicate that a realistic
treatment of ground motion should include explicitly any possi-
ble phase changes.

Section IV presents the two-dimensional formulation of
the kinematic work hardening and Weidlinger cap models and
describes the manner in which they have been incorporated
into the Lagrangian 2D CRAM computer code as options. This
code treats two-dimensional continua in either plane or ro-
tationally symmetric geometry. The single-phase analytic
equation of state used is the same as that employed in the
earlier SKIPPER calculations for the Hard Hat and Pile Driver
comparisons, but the coding has been arranged to facilitate
future changes. For example, either the tvo-phase model for

granite or TAMEOS can be readily adopted.

Standard ground motion computer codes, such as SYIPPER
and CRAM, treat a geologic medium as a single continuum in
that each computational zone has associated a single value
of pressure, velocity, etc. Homogenized mixture equations
of state (e.g. TAMEOS) cannot treat relative motion of the
pore water with respect to the matrix material. For soils
and rock aggregates the relative motion may be an important
effect in some applications. In rock media the pressure of
the pore water will differ from the stress carried by the
matrix material and the strength properties of the rock are
strongly affected by this difference. In recognition of these
limitations of standard methods of analysis, the Theory of

Interacting Continua (TINC) was adopted to provide a frame-

work general enough to allow explicit treatment of these
physical effects. Each volume is considered to contain both

11




rock and water components with provisions for momentum and
energy exchange between the two components by inclusion of
interaction terms in their respective governing equations.

The early TINC modeling effort was restricted to a

mechanical theory.[l’Z]

The formulation was subsequently
extended to include thermodynamic effects, irreversible
crushup, and an improved model for the deviatoric strength
response of the rock matrix component.[S] In Section V
additional improvements in the theory are described together
with the numerical procedures used in the associated 1D
POROUS code for solving the governing system of equations.
POROUS treats both planar and spherical geometries. A
series of parameter runs in the latter configuration is
also presented,*

Section VI presents the results of a study which has
the objective of deriving a rational basis for scaling rela-
tions between laboratory and field strength data. The
analysis considers the in situ geologic medium to contzin
regularly spaced planes of weakness (e.g., joints or faults).
Each block is considered to deform elastically but relative
slippage between blocks is permitted. A continuum model is
formulated which is analogous to an elastic plastic model
where the shear strength is determined by the joint spacing
and the frictional properties of the fault planes. As a
consequence of this analogy, it appears that the model could
be incorporated into a continuum mechanics code such as CRAM
once sufficient data to define slippage and block interlock
are available,

The TINC framework has been successfully used at S? in a
study of stress wave effects in reinforced composite
materials. [5,6] The regular geometry and interfacial

bond permit the required interaction terms to be calculated
in terms of the dimensions, properties and geometries of
the reinforcements.

12




Section VII is not concerned with ground shocks. It
presents the results of a study of the mechanical interaction
of a pore fluid with a saturated rock matrix as the fluid is
driven through the medium under a hydraulic gradient. A
quasistatic formulation of the process within the linearized
TINC equation was given earlier.[3] A 2D fluid-rock interac-
tion code (FRI) for treating the coupled elastic and diffusive

processes has been developed. Calculations of the perturbations

of the stress field in the rock mass surrounding a fluid injec-

tion well are presented.

In Section VIII, the status of the work is summarized
and suggestions are made for its application to a number of
current problems.
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II. HOMOGENIZED WET TUFF CALCULATIONS

Zail ROCK-WATER-VOID MIXTURE MODELS

In modeling porous geologic media, it was recognized
from the outset that rock-water-void (air) volume fractions
would vary from one test site to another and that the material

[1]

vere constructed in such a fashion that the response of the

response would vary accordingly. Consequently, the models

nedium can be predicted as the volume fractions of the rock,

E water and air (void) are varied:
(1) (2) (3)
n (Rock), n (Water), n (Void)

The geologic medium is considered as a composite and a descrip-
. tion of its wave propagation characteristics has been sought in
terms of the behavior of the isolated rock matrix and water
components. The Theory of Interacting Continua (TINC) was
adopted to provide a framework general enough to allow explicit
treatment of pore pressure effects and relative motion between
the rock and water components (see Section V). However, since
practical 2D calculations are currently performed using computer
codes that treat a medium as a single continuum, the bulk of the
material response modeling effort has been conducted under the
additional homogenizing assumption of no relative motion between

the rock and water.

One may derive various mixture equations of state

on the basis of a number of assumed equilibrium conditions

achieved behind a shockwave.[ 1 A unique set of shock states
) is achieved only when a constraint is prescribed for the

partitioning of internal energy between the rock and the

water. Such a set of states can be obtained if the pressure

and temperature of the constituents are equal (PTEQ model).

If there is insufficient time for thermal equilibration,

but the components are homogenized to the extent that they

are in pressure equilibrium, other energy partitions may

15




attain, such as in the PEQ and P*EQ models. In the PEQ model
each component is assumed to independently attain the mutual
equilibrium by a single shock process and no heat transfer
between components is permitted. The P*EQ model is based on
an intermediate partition of the shock energy based on the
multiple shock sequence whereby the pore water and rock
matrix materials eventually attain their equilibrium pres-
sure. Again, no heat transf:r is permitted between the

rock and water components.

Although the predicted Hugoniot p-V and u-U curves
are very nearly the same for all three models, the lugoniot
temperatures are very different. In Fig. 2.1 shock tempera-
ture in the water and tuff components predicted from the
PEG, P*EQ and PTEQ models are shown for saturated wet tuff
(mass function Mw = 15%). The lower temperature of the water
component for the PTEQ and P*EQ models imply that it may
undergo a phase transformation to Ice VII, whereas this would
not occur in the PEQ model, Fig. 2.1. Both Water-Ice VI and
Water-Ice VII phase changes have often been found in static
tests but only recently has such a transformation been ob-
served under shock loading conditions. Gaffney[ 7] ob-
served the Water-Ice VII transformation between 20 and 26
kbars in gas gun experiments with nearly saturated clay and
shale specimens from the Middle Gust site. Since thermal
equilibrium is not attained under the test conditions, these
results appear to support the P*EQ model.

For a given model and shock pressure, the shock
temperatures depend on the volume fractions of rock/water/
void. The residual energy in the components of the shock
processed mixture also depend on the relative volume
fractions. This is illustrated in Fig. 2.2 by the release
adiabats calculated for a PTEQ model of wet tuff. The in-
creased shock heating for the mixtures with higher air-
filled porosity produces vaporization of the water at a

highe:1 pressure during the release process.

16
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15% Water Mass Fraction

Temperature (°K)
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[ 14 10¢ 120 140 100
Shock Pressure (kbar)

Fig. 2.1--Shock temperatures calculated from the
PTEQ, PEQ and P*EQ models for saturated
0TS wet tuff with M_ = 15%. The Water-
ICE VII phase line Ys based on static
test data (see Ref. [2]).
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Fig. 2.2--Porosity-enhanced vaporization of water
component in shock processed wet tuff.




A computer routine has been developed which calculates
the isotropic thermodynamic states of rock-water-void mix-
tures, including a description of irreversible collapse of

]

tabulated and may be utilized in conjunction with a table

These states are

the air-filled pores (void volume).[3

look-up procedure as a subroutine in standard ground motion
codes. Primary inputs to the TAMEOS subroutine (for Tabular
Arrays of Mixture Equation Of State) are the homogenized
model to be utilized (e.g., one of the PTEQ, PEQ or P*EQ
models), equations of state of the isolated rock and water
components, and initial volume fractions of rockx, water and
air-filled pores. For cases in which experimental data are
unavailable, a simple crushup model is employed requiring
the zero pressure extension (ao), zero pressure bulk modulus
(k), pressure at elastic crush limit (pe), and crushup pres-
sure (pc). In cases where experimental data are available,
the crushup curve can be directly incorporated into the
TAMEOS subroutine.

The TAMEOS subroutine has been incorporated into the
S? single continuum code SKIPPER and a series of spherical
calculations illustrating the effect on ground motion of
the rock-water-void volume fractions were earlier reported[3 ]
for representative NTS tuff. Some additional parameter cal-
culations to examine the effect of water vaporization at a
free surfac:- will be described here. First, however, the
results of predictive ground motion calculations conducted
prior to the Mine Dust IIE test will be presented along with
the stress-time and velocity-time histories measured at
various radial distances from the working point. The good
agreement between the predictions and the meacsuremcits
provides us with some confidence in the TAMEOS subroutine
for generating equations of state for partially saturated

sedimentary materials.




2.2 MINE DUST HE PREDICTIONS

2.2.1 Background

The Mine Dust HE experiment working point (WP) was
located 15 ft below the floor of a turnel at a distance of
45 ft from the Ul6 a.05 drift at Construction Site (CS5)
1+25.66. The laycut of the test is presented in the drawing
in Fig. 2.3. The section shown in Fig. 2.4 depicts the
approximate location of the gate emplacement holes relative
to the WP. The WP and all gages were located in Bed 3 (as
was the earlier Diamond Mine HE shot) tuff. Bed 3 is more
homogeneous than Beds 2 and 4 which lie below and above it,
respectively. The primary reason for choosing Bed 3, how-
ever, is its higher volume of air-filied porosity as
illustrated in Fig. 2.5. The representative load-unload

]

from laboratory data from nine core samples drawn from sites

hydrostats shown there were constructed by Terra Tek[8

of previous tests in Area 16. An earlier test, also employing
a 1000-1b nitromethane high explosive source, was conducted

for a WP in nearly saturated tuff in the Hudson Moon reentry

drift in NTS Area 4.[9 ] The two shots are part of a com-

bined theoretical and experimental investigation of the
relevance of material properties to the ground motion and
stress pulse attenuation characteristics in the amplitude
range of interest to the stemming and containment problem
(approximate range of 20 to 1 kbar). The program was

directed by the DNA Materials Properties Subcommittee, chaired
by C. B. McFarland of Headquarters, DNA.

The Mine Dust HE test provided an excellent opportunity
to test the ground motion predictive technicues developed
under this contract. Radial stress and velocity gages were
fielded at radii selected to provide a description of the
stress pulse propagated from the explosive source out to a

distance where its amplitude attenuates to the order of
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0.1 kbar. The test was conducted on May 10, 1972. Two pre-
test calculations were made using the 1D SKIPPER computer
code--one on May 7 and one on May 8. The high explosive

burn portion of the calculations utilized an available
equation of state for nitromethane. The isotropic response

of the site medium was described using the S*® general computer
routine (TAMEOS) to generate the thermodynamic equation of
state of partially saturated wet tuff. The gore crushup 1in-
put paramete - used in TAMEOS and the description of the
deviatoric response of the tuff were based on limited static

data for specimens taken at Mine Dust IE site.

The attenuation of the peak radial stress with dis-
tance predicted in the two calcualtions were sent to DNA

[10] It became clear, even

lleadquarters prior to the test.
before gage recordings had been completely reduced, that the
predictions were in close agreement with the peak stresses
recorded by the in situ gages. On June 28, the DNA Materials
Properties Subcommittee met at S3 to review in detail the
Mine Dust lIE test results and the pre-test predictions. It
was concluded from this comparison that the agreement was

perhaps as good as any yet obtained in a field test.

In the following a brief description of the model
used in the SKIPPER calculations is given. The predicted
time resolved histories at the various gage locations are
then presented on the same plot as the corresponding measured
time history. Static material properties data were generated
by Terra Tek (S. J. Green); radial stress histories were
measured by SRI 7C. Smith) and GRT (H. Kratz); velocity

histories were measured by ATI (B. Hartenbaum).

2.2.2 Test Site Medium

——

Prior to digging the 45 ft tunnel to reach the WP
(see Fig. 2.4), an exploratory core sample was drawn and

hydrostatic load and unload tests were made by Terra Tek for
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specimens at several locations along the borehole. Representa-
tive data from these tests are described by the "first
exploratory hole" curve shown in Fig. 2.5. From the un-
loading path after compression above the pore crushup pressure
(pcr » 2.0 kbar), the volume functlon of the air-filled

pores was estimated to be n = 7.2%, After the tunnel was
dug, samples were taken from these tests are described by

the "instrument holes'" curve shown in Fig. 2.6. From the
unloading path for these data it would appear that the pore
crushup press% ? 1s Peys = 1.0 kbar and the air-filled

porosity is n = 3.4%.
0

A core sample was drawn from a second exploratory

hole in an attempt to better determine n . The value of
(g) for the second exploratory hole was determlned by Terra
Teﬁ to be close to that of the instrument holes. Neverthe-
less, the uncertainty remained since the less compressible
specimens appeared to be damaged during the coring process
and more reliance was placed in the earlier data from the

first exploratory hole.

The members of the DNA Materials Properties Subcommittee
concluded from examination of the materials and the available
hydrostatic test data that the air-filled porosity was
probably bounded by

(3)

3.4% < n < 7.2% (2.1)
and R. L. Bjork of S* was asked to make predictive calculations
for these ~imited cases using the same procedure that he used
earlier in his successful Iludson Moon IIE predictions for

[ 9]

air-filled porosity, however, was

stresses above 1 kbar. A closer approximation for the

(3)
n * 5% to 6.5

0 =

o\

(2:2)
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with 5% considered is the best estimate. Consequently,

S? was also asked to make predictive calculations for these
cases using a more complete material model developed under
this contract in order to permit calculations down to 0.1 kbar.

These latter two calculations will be described in the sequel.

(1)
The SKIPPER calculat%?? for n, o= 6.5% was run on May

7 and the calculation for noo= % was made on May 8. For
both representations of the Mine Dust IIE medium the water
mass fraction was taken to be Mw = 0.17 and the tuff grain
density was set equal to 2.4 g/cc. These values are
representative of those measured by Terra Tek. The corres-
ponding values of the bulk density and volume fractions of
the rock-water-gas mixtures are listed in Table 2.1 for the
two pre-test calculations. The corresponding percent of
the pore space that is air-filled in each representation is
also listed, 17.4% for the May 7 run and 13.7% for the May 8
run.

2.2.3 Isotropic Response Model for Medium

The isotropic response of the tuff was developed using
the TAMEOS routine which calculates homogenized rock and water
mixture states and stores them in a tabular array for use with
standard ground motion codes. During a calculation, individual
states are retrieved by a rapid table look-up routine. In the
present calculations, the PLQ model was assumed, i.e., the
two materials are assumed to shock to the same states as the
pure materials and isentropically release without any heat
transfer between the constituents. The equation of state
utilized for the dry, compacted tuff component is a minor
modification of that described in 3SR-1071 [3, p. 31]. It

uses the llugoniot shock-particle velocity fit

U=a + bu + du?
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TABLE 2.1
MINE DUST HE MEDIUM

REPRESENTATION OF

May 7 Run

May 8 Run

Water Mass Fraction, Mw
In-Situ Density (g/cc)

Tuff Grain Density (g/cc)
(1)

Grain Volume Fraction, n,

@

Water Volume Fraction, n,
, , (3)

Air Volume Fraction, n,

n

(3) 1(2) (3))

o/ \ mo* My

p 17
.81
.4

o L5
.84
.4




with a = 3.5025 mm/usec, b = 0.70477, and 4 = 0.10055 (mm/usec) '.
The solid grain density is taken to be 2.4 gm/cm?®, and the

initial density of the saturated mix (33 percent volume frac-

tion water) is 1.9374. The Mie-Griineisen equation of state

is used for the tuff component, where the Griineisen ratio G

is determined from
Gp = const = Gop0 = 0.792.

The water equation of state is that of Bjork.[ll]

TAMEOS also provides for several alternate treatments
of air-filled porosity and the irreversible collapse of
the air-filled pores, i.e., the pores may be considered as
completely in the rock component or partitioned between the
rock and water components. Since the Terra Tek data was
available on the actual rock-water-air composite, it was
convenient to select the model which treats the crushup pro-
cess in a manner analogous to the p-o model of Herrmann.{ o
In this version of TAMEOS[4 ] the porosity 1is defined relative
to the rock-water composite,

(1 @ 3

Bt ot Fowlls o 1
M (2) m )
n n n+ n

(2 )

+

P % P(V/a, L) (2.4)

where P is evaluated from the PEQ table u:ing the values of
Vv, a(V) and E from the SKIPPLR code for that particular

time step and finite difference zone.

A form of a(V) in TAMEOS was selected which incor-
porates the key aspects of the physics of the irreversible

crushup process, and requires a minimum of material para-




meter specifications. The function representing the loading
curve consists of a plastic crush regime and an elastic

regime. The plastic regime is modeled by the expression

a =1 for p > Pe
(Z.5)
P - P zf
a-1+(ae-1)1-5——:-T orpe;p;pc
c e
where
a, = distension ratio at limit of elastic region,
P, = Pressure at upper limit of elastic region,
p. = pressure at which air-filled pores are
completely crushed.
Upon unloading the pores are assumed to completely recover
for p < Pes tO remain completely closed for p 2 Pos and
a 1is allowed to vary smoothly between these end points of
the plastic pore collapse regime. In the elastic regime
the distension ratio is computed from
np/p,
a=a *+ Bll = e for 0 < p < Pe (2.6)
where
a = distension ratio at zero pressure.

0
Imposition of continuity of da/dp at a = a, provides
one equation for evaluation of the parameters £ and n.
The other condition is provided by evaluating the zero

pressure bulk modulus (k) of the porous mixture.

In summary, the only input quantities required for
the complete TAMEOS equation of state used in the present
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calculations are the representative component specifications
(given in Table 2.1) and values for a k, Pe (or, alterna-
tively, ae) and P Values used for the May 7 and May §&
SKIPPER calculations are presented in Table 2.2. The values
for p_ were approximated from the Terra Tek data presented
in Fig. 2.6, and the value used for p, Wwas estimated from

13]

Diamond Dust Site in Area 16 at NTS. The value for k was

earlier LLL data reported by Stephens et al for the
estimated from the acoustic velocity measurements in this
earlier report. In Table 2.2 the corresponding values of «a

e
are also listed.

In Fig. 2.7 the low pressure isotropic response model
generated by TAMEOS using the input data in Tables 2.1 and 2.2
is depicted for the May 8 Run. The unloading curve after
loading above the crushup pressure is seen to fall close to
the data revorted by Stephens et al.[13] At high pressures
the shock processing of the homogenized rock/water mix can
vaporize the water. This effect is included in the TAMEOS
treatment as is illustrated by the sudden volume increases
in the release isentrope curves shown 1in Fig. 2.8. The cuyves
are for a saturated mix (Mw = 0.17) whereas the actual
SKIPPER calculations account for the presence of air-filled
porosity; the extra pV energy in the calculations produces
vaporization at pressures somewhat lower than depicted in
Fig. 2.8.

2.2.4 Deviatoric Response Model for Medium

The curve marked "measured" in Fig. 2.9 summarizes the
data taken by Terra Tek on deviatoric stress as a function
of deviatoric strain that was available prior to the test.
In the absence of more complete infsyrmation, the deviatoric
stress in the pre-test calculations was treated by an

elastic-plastic model with a Mohr-Coulomb yield condition,

52 + 52 + s";;% [Y(p)]Z (2.7)
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|
|

TABLE 2.2

CRUSHUP PARAMETERS FOR PRE-TEST MINE DUST HE CALCULATIONS

May 7 Run May 8 Run
Crushup Pressure, p. (kbar) 1.5 149
Elastic Pressure, p, (kbar) 0.15 0.15
Bulk Modulus at Zero Pressure,

k (kbar) 27.5 275
Initial Distension Ratio, o 1.0695 1.0526
Distension Ratio at Elastic

Limit, o 1.0623 1.0459

(<]
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e LLL unloading data unit 3

(Diamond Dust Site)
k 3.0 o
|
1
2.5
2.0
1
o
o
Fe)
o)
o 1.5
=
3
(%]
v
o Crush Pressure, p_
(=%
1.0 =
'8 0.5
| Elastic
N\ Limit, pq
0 | 1 1 } 1 I\ ;
0.49 0.50 0.51 0.52 0.53 0.54 0.55

Specific Volume (cms/g)

Fig. 2.7--Irreversible crushup model generated

by TAMEOS for May 8 Run (5% air-filled poro-

sity). The model closely reproduces unloading

data reported by LLL for samples selected in

the vicinity of the earlier Diamond Dust shot.
[Ref. 13]
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Fig. 2.8--Hugoniot and release isentrope for saturated
tuff (M = 0:17) s

34

o



-1eqy 0y JO 9anssaxd ZuruTFUOD B I0F
yol ®Biia] Aq poleidudsd eljeq "93TS JgH 3ISNQ SUIN 3IE SOTOY jusawWNIISUT
wolj uoyel sudwidads 103 eBIEP 1593 TEIXELI] aaT3RlUASAIday--6°7 314

\N|H7 ‘UTBIIS DTIOIEBTAS(Q

(zeqy 0f 3o adors)

7

.

painsea)]
/ -

.......!\\-
——— uotyeuixoxddy

1B2UTTTR




where the Si are the components of the principal devia-
toric stress and Y = Y(p) 1is the yield stress in shear.

Within the elastic region the stress and strain
deviators are related by Hooke's law for shear deformation,

sij = 2u eij (2.8)

where u 1is the shear modulus of the material. Multi-
plying both sides by itself yields

/3_2' = Zu/I_z' (2.9)

where J2 and I are the second invariants of the
2
stress and strain deviator tencors,

21 21
J2 = 2- Sij Sij Iz z- eij eij (2.10)
When the shear stress reaches a critical value,

J = % Y(p)?2 (2.11)

2

the material is restricted from going outside the yield
surface, i.e.,

I, 2 X(0)/V3 (2.12)

Since J and I2 are invariants they may be

2
evaluated along principal axes where the expressions reduce
to

- _ 1
Jo =3 (sf + s: + si) (2.13)
= 1[(0 -0 )2+ (06 -0 )2+ (0 -0 )2]
6 1 2 2 3 3 1
1- =1 (e2 + e? + e?
2 2 1 2 3) (z2.14)

- %' [(el-ez)2 " (ez-ea)2 ¥ (€3'€l)2]
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In the triaxial tests the radial and hoop components of
total stress (o) and total strain (e) are equal so that
one has simply

S CRCH B T

1
3

Consequently, the slope on the '"measured" curve in Fig. 2.9
can be replaced by the simple bilinear approximation shown
there, i.e., a constant shear mecdulus of p = 15 kbar. The

corresponding yield stress at the confining pressure of
4 kbar is

, = 0.632 kbar

At lower confining pressures the yield strength is smaller

and to reflect this effe-t the yield surface is represented

by

Y(p) =Y B2 -p/p) for p

0

Y for p2p
0 0

The value of p0 = 0.6 kbar listed in Table 2.3 was estimated

-

from the earlier LLL data reported by Stephens et a1ll3 ] for
the Diamond Dust site in Area 16 at NTS.




TABLLE 2.3

DEVIATORIC STRENGTH PARAMETERS FOR PRE-TEST MINE DUST lIE

CALCULATIONS
May 7 Run May 8 Run )
Stear Modulus, u(kbar) 15 15
Maximum Shear Strength, Y0 (kbar) -, 623 0.623

Pressure for Maximum Strength,
p0 (kbar) 0.6 0.6




2.2.5 H.E. Source Equation of State

The burning process in the HE source was treated using
the empirical Jones-Wilkins-Lee equation of state[ 141 to describe
the nitromethane detonation products. This equation is pre-

scribed by the pVE relation

p = A(l - Cﬂv)e : +B(1 - ﬁﬂv)e 2 4 9% (2.17)

where p is the pressure in dynes/cm?; V is the specific
volume in cc/g; and E is the specific internal energy in

ergs/g. The constants for nitromethane are

A= 2.093 x 10'? dynes/cm?
B = 5.69 x 10'° dynes/cm?
C, = 4.9632 g/cc

C, = 1.3536 g/cc

w= 0.3

In the SKIPPER calculations the density of nitromethane
was taken as 1.128 g/cc, the detonation front propagated
from the center of the sphere at wave speed of 6.287 x 10°
cm/sec, and the chemical energy released on detonation was
4.53 x 10'° erg./g. The corresponding Chapman-Jouguet
pressure and density are 1.4 x 10'! dynes/cm? and 1.644
g/cc.

According to Fig. 2.8, the C.J. pressure of 140 kbars
will cause the water to be vaporized in only a very small
region near the high explosive source. The vaporization plays
a negligible role, at most, in the two pre-test predictive

calculations since they were run at an overburden pressure
of 0.04 kbar.
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2.2.6 Comparison of Predictions with Measurement

The peak radial stress as a function of distance is
shown in Fig. 2.10 for each of the two pre-test SKIPPER calcu-
lations. The attenuation rate change apparent from the log-
log plot in Fig. 2.10 reflects the transition from hydrodynamic
behavior to a low stress regime where the strength of the
medium predominates. The two SKIPPER runs give very nearly
the same peak stresses for the full range of the calculations.
For completeness, the three measurements of peak radial stress
reported by Kratz in the earlier Diamond Mine HE test are
shown for comparison. The radial stress time histories for
the two prediction calculations are compared at R = 3.27 ft
and 7.67 ft in Fig. 2.11, and at R = 8.82 ft and 16.83 ft in
Fig. 2.12. It is apparent that the general shape of the stress
histories as well as the amplitudes, are quite similar.
Differences in the time of arrival of the peak values, how-

ever, are indicated.

In the semi-log plot of Fig. 2.13 the peak stress
measurements by SRI (Smith) and GRT (Kratz) for the present
Mine Dust HE shot are compared with the predictions. The
agreement between the stress amplitude predictions and the
present Mine Dust HE measurements is seen to be quite good.
We note, however, that the gage at R = 16.94 ft recorded a
value about double that which would be consistent with the
other data. The gage at R = 21.5 ft recorded a value that
exceeds the prediction by about the same amount that the
value measured on the earlier Diamond Mine HE shot lies
below the present predictions (see Fig. 2,10).

In Fig. 2.14 the time-of-arrival of the peak radial
stress for the two prediction calculations are presented.
The agreement with the SRI and GRT measurements is better
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Fig. 2.10--Predicted attenuation of peak radial stress with
istance from the source for the Mine Dust HE test: May 7 Run
(3) (3)

n, = 6.5% ), May 8 Run | n, = 5%).
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Fig. 2.11--Comparison of radial stress histories
at R = 3.27 ft and 7.67 ft for the two Mine
Dust HE prediction calculations: May 7 Run

(3) ., (3)
n, = 6.5% )], May 8 Run ng = 5%].




Stress (kbar)

Radial

— —— May 7 Run

= May 8 Run

16.83 ft

0.3

Time (mscc)

Fig. 2.12--Comparison of radial stress histories
at R = 8.82 ft and 16.8 ft for the two Mine
Dust HE prediction calculations: May 7 Run

(3) (3)
ng = 6.5%)], May 8 Run n, = 5%
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Fig. 2.13--Comparison of predicted stress attenuation curves
with measured values of peak radial stress for the Mine

o

(3) (3)
Dust HE test: May 7 Run ng = 6.5%), May 8 Run ng = 5% ).
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e i o '

for the May 8 Run than the May 9 run; this supports the
pre-test concensus that 5% air-filled porosity is the best
estimate for the Mine Dust HE medium. Except for the
anomalous recording on the gage at R = 16.94 ft, the agree-
ment is very good. The predictions for the time-of-arrival
of the foot of the pulse are not in such good agreement
with the measurements as is illustrated in Fig. 2.15. These
results imply that our model for the irreversible crushup
behavior closely simulates the actual medium behavior, but
the estimated value of the bulk modulus at zero pressure (k)
was smaller than that of the medium.

Predicted radial stress profiles, for 5% air-filled
porosity, are presented in Figs. 2.16 through 2.20. Once the
peak pressure falls below P. = 1.25 kbar, which occurs at
about R = 7 ft according to Fig. 2.13, the model for the
irreversible crushup and subsequent unloading of the medium
becomes operative (see Fig. 2.7). The unloading wave travels
at a velocity greater than the stress wave front. As it
overtakes the front the stress profile shape changes rapidly,
acquiring a two-hump character at about t = 3.0 msec, which
persists thereafter. During this transition pericd the lo-
cation of the peak stress, relative to the front, and its
amplitude are very sensitive to the details of the irreversible
crush behavior of the medium. This effect may have contri-
buted to the anomalous GRT measurement at R = 16.94 ft.

Once the peak pressure falls below P = 0.15 kbar,
which occurs at about R = 20 ft according to Fig. 2.13, the
air-filled pores are no longer collapsed in the crushup

model (see Fig. 2.7). The transition of the medium to an
elastic regime is the basis for the increase in slope which
[ occurs at about this value in Figs. 2.10 and 2.14.
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In Figs. 2.21 through 2.26 the SRI measurements of
radial stress history are compared with the corresponding
prediction of the May 8 Run n, = 5% . Radial stress his-
tories measured with the GRT gages are compared with the
calculations in Figs. 2.27 through 2.31. Finally, the radial
velocity histories measured with the ATI gages are compared

with the predictions in Figs. 2.32 through 2.35.

The plots of the calculated stress histories clearly
display an elastic precursor for radial distances between
6.34 £t and 16.83 ft. The wave front traverses this dis-
tance during the time interval of approximately 0.75 to 4.0
msec. It is difficult to detect such detail in the SRI re-

cordings and the precursor appears to be absent from the

recordings of the closer GRT gages. One explanation for this

is a strong noise signal present in all the measurements. The
signal was caused by the electronic circuitry and persisted
from 0.4 to 1.7 msec (see Fig. 2.27). In subtracting out this
signal it is possible that the detail required to resolve the
precursor was lost when the front was located in the time
interval affected.
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Fig. 2.21--Predicted (May 8 Run) and measured
(SRI) stress histories at R = 3,27 ft and 3.35
ft respectively.
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Fig. 2.22--Predicted (May 8 Run) and measured (SRI) stress
histories at R = 4.37 ft and 4.46 ft respectively.
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Fig. 2.23--Predicted (May 8 Run) and measured
(SRI) stress histories at R = 5,51 ft and
5.63 ft respectively.
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Fig. 2.24--Predicted (May 8 Run) and measured
(SRI) stress histories at R = 6.34 ft and
6.45 ft respectively.
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Fig. 2.25--Predicted (May 8 Run) and measured
(SRI) stress histories at R = 7.67 ft and
7.70 ft respectively.
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Fig. 2.26--Predicted (May 8 Run) and measured
(SRI) stress histories at R = 7.67 ft and
7.88 ft respectively.
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The agreement between the predictions and the measure-
ments is quite good. The results significantly reinforce
our confidence in ground motion prediction calculations for
energy sources in NTS tuff. The success of the test, like
the earlier Hudson Moon HE tests,[ 9] required a careful
integration of the theoretica) and experimental parts of the
prcgram with the actual field measurements. There was even
less laboratory test data available from the Mine Dust HE
site and yet the calculations were successfully carried out
to predict stress attenuation to lower amplitudes. This was
accomplished by relying heavily upon the TAMEOS equation of
state routine which included a treatment of irreversible

void collapse.

Subsequent to the Mine Dust HE test, Terra Tek has
generated much more complete test data on the core samples
drawn from near the WP, This includes uniaxial strain data
and triaxial tests in which proportional loading was imposed.[lsl
It would be of interest to use this new information to con-
struct a more complete model of the deviatoric behavior of

the medium and to repeat the calculation. In a related

current study at S*, Cherry, gﬁ_ﬂl.[IGJ are conducting-a

series of spherical SKIPPER calculations in which the crushup
parameters used in TAMEOS are varied. These calculations,
for a buried nuclear source, are designed to determine the
sensitivity of the ground motion at remote distances to the
overburden pressure at the energy source and the details of

the crushup model.




2.3 SURFACE LOADING PARAMETER STUDY

The Mine Dust HE results give us some confidence that
in soft rock media an integrated theoretical-experimental-
field test program can lead to successful predictions of
ground motions for buried spherically symmetric sources. 1t
is apparent, however, that the problem is more difficult in
the case of near surface energy sources since both enérgy
coupling and cratering processes are multi-dimensional,
and they require a wider range for the material response
models. For some applications, such as assessing the vulner-
ability of deep underground structures, the problem is alle-
viated since interest is focused on material within a cone
centered below the burst point. In this case the details of
the cratering process should have a second order effect on
the stress pulse prupagated to the structure, but the impulse
carried downward with the pulse must offset the total back-

ward momentum carried by the debris thrown out of the crater.

To assess the effect of water vaporization the PEQ
version of TAMEOS was used in the planar SKIPPER code to
calculate the time history of 400 kbar and 550 kbar pressure
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